Abstract. Turbinate osteoporosis, induced by intranasal inoculation of purified toxin isolated from serotype D Pasteurella multocida, was investigated in 3-to 5-week-old, caesarean-derived, colostrum-deprived, isolationreared pigs. Marked bilateral reduction in relative volume of trabecular bone occurred in osseous cores of turbinates of toxin-treated pigs relative to control pigs on post-inoculation day (pid.) 3, 6, 9, 12, and 15. The fractional resorptive surface along turbinate bone was greater in toxin-treated pigs when compared to controls on p.i.d. 3 and 6. A significant decrease in resorptive surface occurred over time in toxin-treated pigs, whereas the fractional resorptive surface was constant over time in control pigs. Osteoclasts in medullary spaces separating bony trabeculae of turbinates were abundant in toxin-treated pigs and scant in controls on p.i.d. 3, 6, and 9.
Most studies of the effects of bacterial products on osteogenesis and osteolysis have been prompted by the association of alveolar bone loss with bacterial plaque formation in periodontal d i~e a s e .~~,~~ Endotoxin was the first bacterial product shown to stimulate bone resorption in organ culture.22 Increased bone resorption has also been demonstrated in bone organ cultures treated with lipopolysaccharide (LPS),23,38,41 muramyl d i~e p t i d e ,~~ lipid A,21 lipoteichoic a~i d ,~' ,~~ and streptococcal cell wall component^. ^^ In vivo activation of bone resorption by bacterial products has been poorly documented. Gnotobiotic rats inoculated with a human oral strain of Actinomyces naeslundii readily develop plaque and concurrent alveolar bone However, differentiation of direct and indirect effects of bacterial products on bone cell function in vivo is difficult, since accelerated bone resorption and formation may occur simultaneously as nonspecific sequelae to inflammation incited by bacteria or their product^.^ For example, intragingival injection of rats with lipoteichoic acid isolated from Streptococcus mutans results in localized abscessation, granulation, new bone formation, and increased bone resorption.2
In pigs, atrophic rhinitis occurs as an upper respiratory disease caused principally by Bordetella bronchiseptica and toxigenic strains of Pasteurella multocida. 28 Clinical disease is marked by variable turbinate osteoporosis, with severe cases manifested by complete chonchal atrophy, nasal septa1 deviation, and reactive changes in bone surrounding the nasal cavity. Turbinate osteoporosis of atrophic rhinitis results, in part, from effects of a protein toxin produced by toxigenic strains of serotype D Pasteurella multocida. 103J2 This study characterizes ultrastructural changes in turbinate bone associated with Pasteurella toxin and ascertains, by morphometric analysis, the effects of toxin on osteoclastic activity. We provide experimental evidence of induction of turbinate osteoporosis by inhibition of osteogenesis and stimulation of osteoclastic osteolysis in the absence of significant inflammation, after intranasal inoculation of toxin isolated from Pasteurella multocida.
Materials and Methods
Segments of ventral turbinates were collected for histomorphometric and ultrastructural studies from 14 caesareanderived, colostrum-deprived, isolation-reared 3-to 5-weekold pigs.I2 Toxin was purified, as previously described, from lysates of a toxigenic strain of type D Pasteurella m~l t o c i d a~~ isolated from the nasal cavity of a pig from a herd with atrophic rhinitis (0. Soderlind, Uppsala, Sweden, personal communication, 1985) .
Doses of toxin were selected on the basis of results of a pilot study in conventional pigs administered toxin intranasally. At 3 weeks of age, 75 pg of toxin suspended in 1 ml ofTris-buffer (0.05 M Tris, 0.1 M NaC1; pH 7.2) was sprayed with a glass nebulizer (Atomizer 25 1, Devilbiss Co., Somerset, PA) into the right nasal cavity of ten pigs. At both 3 and 6 days following primary inoculation, an additional 25 pg of toxin was sprayed into the right nasal cavity of remaining treated pigs. Control pigs received 1 ml of Trisbuffer intranasally by spray on each inoculation day. Two toxin-treated pigs and one control pig were killed on postinoculation days (pid.) 3, 6, 9, and 12. Since one toxintreated pig died on p.i.d. 10, only one toxin-treated and one control pig were necropsied on p.i.d. 15. Pigs were administered intravenous heparin sulfate (1,500 unitdkg), anesthetized with sodium pentobarbital (sodium pentobarbital, Anthony Products Co., Arcadia, CA), and placed in dorsal recumbency. The thoracic cavity was opened, the descending aorta was clamped, and the right atrium was opened along its auricular margin. Warm (37 C) Tyrode's solution containing 0.75% sodium nitrite was infused through the cranial vasculature via the left ventricle at an infusion pressure of 100 mg Hg for approximately 1 minute. The primary infusion was followed immediately by infusion with warm (37 C) 2.5% glutaraldehyde in 0.1 M cacodylate buffer administered at the same infusion pressure. Turbinates were fixed in situ for 5 minutes, then removed and immersed in cold (4 C) glutaraldehyde for 3 to 4 hours.
Transverse sections of left and right turbinates, 5 mm in thickness, were collected for histomorphometric analysis from glutaraldehyde-fixed snouts sectioned at the level of the second deciduous premolar with a rotary bone saw (1 1-1 180 Isomet low-speed saw, Buehler Ltd., Lake Bluff, IL). These sections were further fixed for 72 hours in cold (4 C) formalin, decalcified in Kristensen's solution, and processed by routine paraffin embedding technique. Two sections of each turbinate from the same block, approximately 200-250 pm apart, were stained with hematoxylin and eosin (HE) and examined microscopically.
A 1 -mm-thick cross section of both left and right turbinates anterior to the second premolar was also collected from each pig for ultrastructural studies. Three, 1 mm3 samples from both dorsal and ventral scrolls of left and right turbinates were removed from the sections and washed in cacodylate buffer, post-fixed in 1% osmium tetroxide, dehydrated in graded alcohols and propylene oxide, and embedded in epoxy resin (Epon). Thick sections (1 pm) from a minimum of three randomly selected blocks per turbinate were stained with toluidine blue and examined. Ultrathin sections of one to two blocks of each turbinate were stained with uranyl acetate and lead citrate and examined with a Philips 4 10 electron microscope.
Relative volume density (V,) of bony trabeculae, the fractional resorptive surface (SJ, and the number of trabecularassociated osteoclasts and medullary osteoclasts per grid field were determined by histomorphometric analysis. 17,39 Point and intersection counts were made at 250 x using a 36-point Merz grid formed in a 1 cm x 1 cm eyepiece reticle. V, and S, were determined as follows:
where PA is the number of transectional points per field overlying bony trabeculae; I is the number of intersections with bone resorptive surfaces per grid field; I, is the total number of intersections with bone per grid field; P, is the total number of grid points; and PET is the number of points falling on tissue outside of the osseous core of turbinate. Eight randomly selected fields were examined per section of turbinate. Trends with time and significant differences in measured parameters between toxin-treated and control pigs were determined by simple linear regression analysis.
Results

Histomorphometry
Marked bilateral reduction in V, of trabecular bone of turbinates of toxin-treated pigs was seen at all sampling times when compared to those in control animals ( Table 1 * Mean * SE for 16 fields in toxin-treated group (eight fields/turbinate/animal) and eight fields in control group.
icant difference was noted in V, of bone in left and right turbinates of control pigs.
A transient increase in S, was seen on p.i.d. 3 and 6
in toxin-treated pigs relative to control pigs (Table 2) .
By p.i.d. 9, S, in turbinates of toxin-treated pigs was similar to control values; however, the V, of bone in turbinates of toxin-treated pigs by that time was significantly less than control values. A significant decrease in S, of bone occurred with time in turbinates of toxin-treated pigs (P < 0.01). In contrast, S, was relatively constant over time in control pigs (Table 2) . Osteoclasts were more abundant along resorptive surfaces and in the medullary space of turbinates of toxin-treated pigs when compared to controls on p.i.d. 3 (Table 3) . Although the number of trabecular-associated osteoclasts were similar between groups on p.i.d. 6 and 9, there was a greater number of osteoclasts in the medullary space of turbinates of toxin-treated pigs. The paucity of osteoclasts in turbinates of toxin-treated pigs on p.i.d. 12 and 15 was associated with marked depletion or absence of turbinate bone. A significant decline over time (P < 0.01) in the number of osteoclasts in resorption sites and in the medullary space was seen in turbinates of toxin-treated pigs.
Ultrastructural pathology
In turbinates of control pigs, bone was organized into trabeculae composed of lamellar and immature woven bone. Osteoblasts with flat, closely apposed cell borders surrounded poorly mineralized, randomly oriented collagen fibers in foci of new bone formation (Fig. 1) . Along trabecular surfaces, a wide osteoid seam separated osteoblasts from cancellous bone. Slender cytoplasmic processes of osteoblasts extended into osteoid (Fig. 2) . Nuclei of osteoblasts were ovoid to angular, with finely granular to occasionally clumped chromatin. Margins of nuclei were accentuated by a thin rim of chromatin and an eccentrically located nucleolus. Cytoplasm of osteoblasts was abundant and contained numerous long profiles of rough endoplasmic reticulum, dense bodies 100-350 nm in diameter, mitochondria, and prominent Golgi complexes with dilated saccules. Cytoplasmic vesicles were conspicuous near the maturing face of Golgi complexes. In a minority of osteoblasts, segments of the peripheral cytoplasm were rarefied. Parallel and interlacing cords of cytoplasmic filaments 8-10 nm in diameter, glycogen particles, and free ribosomes were frequently seen within these rarefied areas. Lipid globules, autophagic vacuoles, and fragmented short profiles of rough endoplasmic reticulum were cytoplasmic components of widely scattered, degenerate osteoblasts.
Degenerate osteoblasts were numerous along margins of trabeculae in osseous cores of turbinates of toxin-treated pigs by p.i.d. 3. Nuclei were pleomorphic and contained a prominent band of peripheral chromatin. Mitochondria of some osteoblasts were swollen and had disrupted cristae. Segments of rough endoplasmic reticulum were short, fragmented, and segmentally devoid of ribosomes. Randomly dispersed Toxin-treated? $ Mean f SE for 16 fields in toxin-treated group (eight fields/turbinate/animal) and eight fields in control animal. Osteoblast nucleus has finely granular, evenly dispersed chromatin and a thin rim of marginated chromatin. Cytoplasm of osteoblasts contains numerous long profiles of rough endoplasmic reticulum, mitochondria, prominent Golgi complexes with dilated saccules, and dense bodies 100-350 nm in diameter. Cytoplasmic processes extend into collagenous matrix separating osteoblasts from woven bone.
arrays of cytoplasmic filaments occupied larger portions of cytoplasm than in controls. Rarefied regions of cytoplasm contained numerous free ribosomes, glycogen particles, and short profiles of rough endoplasmic reticulum. The most severely altered cells had variably-sized autophagic vacuoles containing stacks of dilated rough endoplasmic reticulum, mitochondria, myelin figures, fat globules, and an electron-dense milieu (Fig. 3) . Some degenerate osteoblasts along trabecular surfaces had a more elongate to angular cell profile. Contiguous osteoblasts were closely aligned, with few interdigitations of their plasma membranes. Plasma membranes were often poorly delineated. Cell processes extending into osteoid overlying cancellous bone were shorter and less numerous than in controls.
Necrotic osteoblasts were widely scattered among degenerate cells. Segments of the osseous core of turbinates also contained unaffected osteoblasts associated with either a densely woven collagenous matrix or a wide osteoid seam. Osteoid subjacent to degenerate osteoblasts was thinner, with fewer, more randomly oriented collagen fibers and fewer foci of calcification than seen in turbinates of control pigs ( Mesenchymal cells within the medullary spaces were undergoing degeneration. Occasionally, erythrocytes were seen free within the medullary space or within phagosomes of macrophages and osteoclasts.
Bony trabeculae and their associated osteoblasts were infrequently seen on p.i.d. 9. Mesenchymal cells with a high nuclear to cytoplasmic ratio and with a spindleshaped to irregular cell profile predominated in osseous cores of turbinates of toxin-treated pigs (Fig. 4) . Cells were either closely aligned with a uniformly smooth interface of plasma membranes or were separated widely and characterized by thin, elongate cytoplasmic processes. Nuclei were elongate with an irregular contour. A broad band of marginated chromatin surrounded clumps of chromatin randomly dispersed within the nucleus. Nucleoli were seen in few cells. Cytoplasm contained few mitochondria, short profiles of rough endoplasmic reticulum, free ribosomes, and numerous autophagic vacuoles and lipid globules.
Trabeculae of bone with serrated margins were lined by degenerate spindle-shaped osteoblasts or primitive mesenchymal cells. Degenerate osteoblasts were separated from bone by a granular to flocculent matrix containing little or no osteoid (Fig. 5 ). This granular matrix and a few collagen fibers were also found be-
tween osteoprogenitor cells unassociated with bony trabeculae. No additional changes in osteoblasts were seen on p.i.d. 12 and 15. Alterations in osteocytes were similar, but less severe, than those described in osteoblasts. The only inconsistency to a pattern of progressive degeneration and necrosis of bone-forming cells occurred in a toxin-treated pig killed on p.i.d. 15, in which abundant osteoid and well-developed osteoblasts were seen along major segments of trabecular bone in the left turbinate.
Osteoclasts from osseous cores of turbinates of control pigs had multiple nuclei with distinct nucleoli. Nuclei were situated eccentrically near the cytoplasmic border opposite the resorptive surface (Fig. 6) . Golgi complexes were uniformly spaced around nuclei. Short profiles of rough endoplasmic reticulum were intimately associated with mitochondria. Cytoplasm proximal to the trabecular surface had varying numbers of vacuoles that occasionally contained spicules of bone and granular to fibrillar material. Within resorptive sites, segments of the microvillous border of osteoclasts were intimately associated with bone. Microvilli were often short, blunt, and indistinct near points of contact with bone. Cytoplasm subjacent to microvilli contacting bone was dense, granular, and devoid of organelles. The plasma membrane formed irregularly spaced, narrow cytoplasmic processes along margins of the cell beyond the microvillous border.
Osteoclasts, with phagosomes containing degenerate osteoblasts, were seen infrequently along the margins of trabeculae. The few osteoclasts seen in the medullary space unassociated with bone lacked a microvillous border and distinct cell polarity. Nuclei were often centrally located and less numerous than in osteoclasts at resorptive sites.
Trabecular-associated osteoclasts in turbinates of toxin-treated pigs had a larger cytoplasmic compartment and greater number of nuclei per cell than control osteoclasts at similar sites on p.i.d. 3 and 6. The microvillous border was intimately associated with bone along its entire length (Fig. 7) . As in controls, microvilli were often poorly defined. Spicules of bone were abundant between microvilli and in vacuoles within associated cytoplasm (Fig. 8) . Cytoplasmic vacuoles were numerous, varied markedly in size, and contained, in addition to bony spicules, granular amorphous material and degenerate or necrotic osteoblasts (Fig. 7) . Osteolysis of bone in several regions of turbinate resulted in fragmentation of trabeculae into irregular islands of bone that were surrounded by microvilli of osteoclasts. Along some trabeculae, osteoclasts with well-defined brush borders were separated from mineralized matrix by a thin band of osteoid.
Osteoclasts were seen diffusely throughout the medullary space of turbinates in toxin-treated pigs on p.i.d. Fig. 3 . Turbinate bone, pig administered toxin and necropsied p.i.d. 6. Degenerate and necrotic osteoblasts along trabecular surface have prominent intracytoplasmic autophagic vacuoles, rarefied cytoplasm, intracytoplasmic lipid globules, short, irregular profiles of endoplasmic reticulum, and irregular cell boundaries. Autophagic vacuoles contain electron dense debris, lipid globules, mitochondria, and short profiles of endoplasmic reticulum. Paucity of cytoplasmic processes within poorly mineralized collagenous matrix separating woven bone from osteoblasts. 3 , 6, and 9. Cells lacked distinct polarity, occasionally contained randomly distributed vacuoles, and were most numerous near venules and proximal to osteoblasts overlying bone (Fig. 9 ). Phagosomes containing erythrocytes were seen in cytoplasm of several osteoclasts near venules. Marked degenerative changes were not seen in osteoclasts at any time period. On p.i.d. 12 and 15, osteoclasts were not seen ultrastructurally in samples of turbinates collected from toxin-treated pigs. Vascular alterations were a minor component of the lesions documented during the course of the study. On p.i.d. 3 and 6, endothelial cells in a few small venules and capillaries had rarefied, mildly vacuolated cytoplasm along luminal borders and intracytoplasmic lipid globules. Alterations of turbinate mucosa were not identified ultrastructurally.
Discussion
The pathogenesis of bone loss in this model of turbinate osteoporosis/osteopenia involves, in part, a direct action of the Pasteurella toxin on the osteoblast. The striking degenerative changes seen in osteoblasts following administration of toxin are similar to those reported in experimental atrophic rhinitis in pigs. 1 s~1 6 , 4 4 Degeneration of osteoblasts and reduced osteoid thickness are features of both e x p e~i r n e n t a l~~,~~ and naturally occurring14 atrophic rhinitis in pigs. Ultrastructural changes described in osteoblasts that were associated with decreased bone formation included flattened profiles of rough endoplasmic reticulum, inconspicuous Golgi complexes, nuclear membrane infoldings, and peripheral accumulation of chromatin. l 4
Uncoupling of bone formation and bone resorption occurred as a consequence of the direct toxic effect of the Pasteurella toxin on osteoblasts. Under normal physiologic conditions, localized bone volume regulation is a function of coupling bone formation to bone re~orption.~ Therefore, to protect against inappropriate bone loss, increased bone formation is a normal response to increased r e s~r p t i o n .~,~~ In addition to systemic hormonal effects on whole body bone maintenance and growth, local mechanisms are operative in the regulation and maintenance of bone One local coupling factor, designated skeletal growth facis likely a by-product of bone matrix degradation and stimulates osteoblast p r o l i f e r a t i~n l~.~~ and bone formation in ~i t r o .~' Impaired function and death of osteoblasts could have led to the matrix alterations and impaired mineralization seen in toxin-treated pigs, since osteoblasts synthesize osteonectin, a glycoprotein that binds hydroxyapatite crystals to c011agen.~' Transient stimulation of osteoclastic osteolysis following administration of Pasteurella toxin also contributed to severe localized osteoporosis by exacerbating dysequilibrium between bone formation and bone resorption. Morphologic features of osteoclasts compatible with stimulated activity included increased cell size and number, increased number of nuclei per cell, increased number and size of digestion vacuoles, and a diffusely prominent brush border intimately associated with the resorptive surface.Is The greater S, on post-inoculation day (pid.) 3 and 6 in turbinates of toxin-treated pigs as compared to controls was additional evidence that stimulation of bone resorption by osteoclasts had occurred. The stimulatory effects on osteoclasts reported here may have been associated with the high dose of toxin administered. Ultrastructural changes were not seen in osteoclasts in studies of the natural disease14 or experimental atrophic rhinitis,I5 leading other investigators to conclude that the fundamental mechanism responsible for localized osteoporosis was reduced bone f0rmati0n.I~ A direct stimulatory action of the Pasteurella toxin on osteoclasts was not established. Although other bacterial products stimulate bone resorption in vitro, 21-23,31,38,41.49 their mechanisms of action have not been clearly defined. Since osteoclast function is, in part, regulated by osteoblasts, a direct effect of the toxin on osteoblasts could cause, indirectly, stimulation of osteoclast function. Osteoblasts respond to some resorbing agents by synthesizing and releasing collagenase and thereby promote matrix d e g r a d a t i~n .~~ Stimulation of osteoblasts to secrete collagenase promotes resorption by osteoclast~,~.~ because unmineralized osteoid presents a barrier to osteoclast activity.8 However, lipopolysaccharide and lipoteichoic acid isolated from periodontal pathogens are bacterial resorbing agents in vitro that fail to stimulate collagenase production by mouse o s t e~b l a s t s .~~ Inflammation may also have contributed to accelerated bone loss in this model of localized osteoporodosteopenia. Since many bacterial products are highly antigenic and chemotactic to leukocytes, bone resorption can occur as a nonspecific sequela to inflammati~n.~ Although increased numbers of medullary osteoclasts were seen in toxin-treated pigs, there was no striking increase in local populations of granulocytes or mononuclear leukocytes. A current hypothesis in the pathogenesis of bone loss in periodontal disease stresses interaction of bacterial antigens with mononuclear cells, resulting in production of interleukin-1 (IL-l).25,32 IL-1 stimulates bone resorption in ~i t r o~~,~~-~~ by primary action on o~t e o b l a s t s .~~ Osteoclastic bone resorption is then stimulated by a paracrine signal originating from the osteoblast. IL-1, like parathyroid hormone, also increases the number of osteoclasts26 and stimulates prostaglandin E, production in calvariae.20 Prostaglandins, in turn, are also potent stimulators of bone r e s~r p t i o n .~~ The increased number of medullary osteoclasts likely resulted from recruitment of osteoclast precursors from the circulating pool of monocytes. There is good evidence that a portion of that pool serves as precursor cells for o s t e~c l a s t s ,~~~~~~ and that differentiation into osteoclasts is dependent on the presence of live boneforming cells.5 Products of normal bone resorption and constituents of bone matrix are chemotactic for monocytes in ~i t r o .~~,~~.~~,~~-~~ Monocytes responding to a chemotactic signal may also have contributed directly to bone resorption by production and release of prostaglandins. I I Replacement of the osseous core of turbinates with primitive mesenchymal cells (i.e., perios- teal fibroblasts) may have resulted from release of regulatory bone factors from bone matrix following marked osteoclastic bone r e s~r p t i o n .~~~~,~~ Inhibition of bone formation and transient stimulation of osteolysis appear to be the major mechanisms operative in this model of turbinate osteoporosis. A direct toxic effect of the Pasteurella toxin on boneforming cells caused uncoupling of bone formation and bone resorption and contributed significantly to reduced bone volume with time. The striking increase in fractional resorptive surface and numbers of osteoclasts seen after the first dose of toxin are evidence for concluding that there was stimulation of osteoclast activity. The cause of the transient nature of the stimulatory effect on osteoclasts was not determined, but the effect may have been associated with decreased sensitivity to toxin with time, or progressive weakening of the chemotactic signal responsible for recruitment of osteoclast precursors. 
